Asthma exacerbations occur frequently despite the regular use of asthma-controller therapies, such as inhaled glucocorticoids. Clinicians commonly increase the doses of inhaled glucocorticoids at early signs of loss of asthma control. However, data on the safety and efficacy of this strategy in children are limited.
T h e ne w e ngl a nd jou r na l o f m e dicine A sthma exacerbations are common events, particularly in school-age children. 1 Exacerbations are costly and are associated with considerable complications. In addition, asthma exacerbations may lead to progressive loss of lung function and greater asthma severity over time. 2, 3 Although conventional therapies, particularly the daily use of inhaled glucocorticoids, effectively control day-to-day asthma symptoms, they have only partial efficacy in preventing exacerbations. 4 The identification of strategies to prevent asthma exacerbations remains an important unmet need.
Asthma guidelines recommend that patients be provided with a written action plan to guide the management of asthma at home. 5, 6 However, limited evidence is available to inform clinicians' selection and implementation of strategies in the "yellow zone" (i.e., when there are signs of early loss of asthma control) to prevent these early symptoms from progressing to a full asthma exacerbation. 7, 8 The Global Initiative for Asthma strategy recommends short-term increases in the dose of inhaled glucocorticoids at the early signs of loss of asthma control in patients receiving daily inhaled glucocorticoids. 5 However, a recent Cochrane review 9 concluded that there was no evidence indicating that doubling the dose of inhaled glucocorticoids in response to increasing symptoms decreased the likelihood of asthma exacerbations among children or adults. Quadrupling the dose of inhaled glucocorticoids was identified in post hoc analyses of a single trial as a potentially efficacious intervention in adult patients, 10 but data on the safety or efficacy of an intervention that uses more than a doubled dose of inhaled glucocorticoids are limited in children. Therefore, we performed the Step Up Yellow Zone Inhaled Corticosteroids to Prevent Exacerbations (STICS) trial to assess the efficacy and safety of increasing the dose of inhaled glucocorticoids from a baseline daily low dose to five times the daily dose for 7 days in school-age children with mild-tomoderate persistent asthma who began to have short-term loss of asthma control.
Me thods

Trial Participants
We enrolled children 5 to 11 years of age who had doctor-diagnosed asthma and a history of at least one asthma exacerbation treated with systemic glucocorticoids in the previous year. Eligible participants were required to have one of the following: mild-to-moderate persistent asthma treated with step 2 therapy according to the National Asthma Education and Prevention Program Expert Panel Report (EPR) 3 (steps range from 1 to 6, with step 6 therapy being used in patients with the most severe disease) 6 ; current symptoms or an exacerbation history that qualified the child for step 2 therapy; or current treatment with step 3 therapy according to the EPR 3 and a score on the Childhood Asthma Control Test (C-ACT) of more than 19 (on a scale from 0 to 27, with higher scores indicating greater asthma control; minimal clinically important difference, 2.0) 11 at enrollment, no more than two prednisonetreated exacerbations in the past 6 months, a forced expiratory volume in 1 second before bronchodilator use that was 80% or more of the predicted value, and a willingness to step down therapy (from step 3 to step 2). Participants were excluded if asthma was too severe (>5 exacerbations in the previous year that had been treated with systemic glucocorticoids or a history of lifethreatening asthma).
Trial Protocol
This randomized, double-blind, parallel group trial was conducted at 17 trial sites in the United States until March 2017. The protocol is available, along with the statistical analysis plan, with the full text of this article at NEJM.org. Parents or legal guardians provided written informed consent, and children provided assent.
Participants were entered into a 4-week runin period to establish adherence of more than 75% to the use of open-label trial medication (fluticasone propionate [Flovent, GlaxoSmithKline] at a dose of 44 μg per inhalation, two inhalations twice daily), daily completion of an electronic diary, and asthma control (C-ACT score >19) at the randomization visit. All the participants continued to receive open-label low-dose therapy as maintenance ("green zone") therapy throughout the 52-week trial.
Participants were randomly assigned in a 1:1 ratio to receive blinded therapy either at the low dose or at the high dose (fluticasone at a dose of 220 μg per inhalation, two inhalations twice daily) for 7 days at the early signs of loss of asthma control. The green-zone low-dose inhaler A Quick Take is available at NEJM.org was discontinued while the blinded yellow-zone inhaler was used; thus, the low-dose group continued to receive the same dose of inhaled glucocorticoids throughout the trial. Yellow-zone episodes were identified by the occurrence of any of the following: the use of two doses (four inhalations) of rescue albuterol in 6 hours, the use of three doses (six inhalations) of rescue albuterol in 24 hours, or one night awakening that was due to asthma that was treated with albuterol. Symptoms and medication use were recorded once nightly by the participant or by the parent or guardian in an electronic diary (Spirotel, Medical International Research); there was no electronic link between the inhaler and the electronic diary.
To prevent a delay from the onset of a yellowzone episode to the initiation of treatment, participants were provided with a written asthma action plan that instructed them not to wait for the yellow-zone alert from the electronic diary before starting the blinded yellow-zone inhaler. Peak expiratory flows were obtained once daily in the evening with the use of the electronic diary in a blinded fashion such that the participants did not see the results. Neither preemptive albuterol before exercise nor peak expiratory flows were included in the yellow-zone criteria.
Outcome Measures
The primary outcome was the rate of severe asthma exacerbations treated with systemic glucocorticoids during the blinded treatment period. Systemic glucocorticoids were started after consultation with a trial clinician according to previously published criteria 12 : the use of more than 6 inhalations of albuterol in 6 hours, the use of 12 or more inhalations of albuterol in 24 hours, night awakenings leading to albuterol use during 2 of 3 consecutive nights, or the use of 8 or more inhalations of albuterol during 2 of 3 consecutive days. Secondary outcome measures included the time to the first asthma exacerbation, treatment failure (defined as two asthma exacerbations in 6 months, three asthma exacerbations in 1 year, or six treated yellow-zone episodes), the area under the curve for symptom scores during yellow-zone episodes (as assessed from daily entries in the electronic diary), 13 albuterol use during yellow-zone episodes, unscheduled emergency department or urgent care visits for asthma, hospitalizations for asthma, total glucocorticoid exposure (inhaled glucocorticoids plus systemic glucocorticoids), and linear growth. Exploratory outcomes included the peak expiratory flows and the number of days of asthma control, which were defined as full calendar days without symptoms, use of rescue medication, or unscheduled health care visits.
Growth and Clinical Assessments
Standing height measurements (in centimeters) were obtained at each trial visit while the participant was not wearing shoes. Measurements were made with the use of a Harpenden stadiometer (Seritex-Holtain) that was either wall-mounted (product number, 602VR) or portable (product number, 603VR).
Spirometry was performed according to American Thoracic Society-European Respiratory Society guidelines.
14 Peripheral-blood eosinophil counts were determined by standard methods at each clinical site. The total serum IgE level and the levels of IgE specific to aeroallergens (see the Supplemental Methods section in the Supplementary Appendix, available at NEJM.org) were quantified by a commercial laboratory (Advanced Diagnostic Laboratories).
Trial Oversight
The trial was funded by the National Heart, Lung, and Blood Institute and approved by the AsthmaNet steering committee, protocol review committee, and data and safety monitoring board. Trial medications (fluticasone propionate with hydrofluoroalkane [HFA] propellant at doses of 44 μg per inhalation and 220 μg per inhalation) and rescue therapy with albuterol (90 μg per inhalation) were donated by GlaxoSmithKline. GlaxoSmithKline did not play a role in the trial design or the collection or interpretation of the data but was given an opportunity to read the manuscript draft and did not provide any comments. The authors are responsible for the trial design, data collection, data interpretation and analysis, manuscript preparation, and decision to submit the manuscript for publication. The authors vouch for the accuracy and completeness of the data, for the accuracy of the analyses, and for the fidelity of the trial to the protocol.
Statistical Analysis
The primary research question addressed the rate of severe asthma exacerbations with the use of a T h e ne w e ngl a nd jou r na l o f m e dicine generalized linear model, with response following the negative binomial distribution and loglink function. The model incorporated the observed follow-up time so that the exacerbation rates (number of events per year) were estimated appropriately. Randomization was stratified according to clinical center, which was included as a covariate in the model. The primary intentionto-treat analysis compared the overall efficacy of each treatment strategy, regardless of whether any yellow-zone episodes actually occurred.
The treatment effect on prespecified secondary outcomes was also investigated. Discrete outcomes were analyzed with the use of the loglinear model framework described above. Outcomes in time-to-event analyses were summarized by Kaplan-Meier curves, and treatments were compared with the log-rank test. Linear mixedeffects models with participant as a random effect and treatment as a fixed effect were applied for outcomes that were measured over time on a continuous scale, such as the area under the curve for the symptom scores, albuterol use, and height. Transformations were applied for continuous outcomes that showed a skewed distribution. Additional details regarding the analyses of total exposure to glucocorticoids and growth are included in the Supplemental Methods section in the Supplementary Appendix. Exploratory analyses were conducted on the subset of treated (i.e., per-protocol) yellow-zone episodes. Adjustments for multiple tests were made for exploratory outcomes but not for prespecified primary and secondary outcomes. All the tests were twosided, and a P value of less than 0.05 was considered to indicate statistical significance. All the analyses were performed with the use of SAS software, version 9.4 (SAS Institute).
The target sample of 250 children (125 per treatment group) was chosen so that the trial would have power of at least 90%, with a twosided type I error rate of 0.05, to detect a ratio of 0.6 for the exacerbation rate with the active treatment versus with the control treatment. This calculation assumed an exacerbation rate of 0.9 events per year for the inferior treatment and allowed for a rate of withdrawal or loss to follow-up of 15%. A prespecified interim feasibility analysis that was conducted when 50% of the children had completed 6 months of follow-up revealed that the exacerbation frequency was lower than expected and that the anticipated power for the same effect size would be approximately 80%. The options of prolonging the trial or increasing the sample size were discussed. However, the data and safety monitoring board and the AsthmaNet steering committee believed that the anticipated power of 80% was acceptable, and they chose to continue the trial as originally designed.
R esult s
Characteristics of the Participants
From August 2014 through March 2016, we enrolled 444 children, of whom 190 were excluded during the run-in period, most commonly because of inadequate adherence to the electronic diary. A total of 254 participants underwent randomization, with 127 participants assigned to each treatment group (Fig. 1) . The characteristics of the patients are described in Table 1 . A total of 44 participants withdrew from the trial early, and an additional 18 participants were withdrawn from the trial because of treatment failure. A total of 192 participants, including 94 participants in the high-dose group and 98 in the low-dose group, completed the final trial visit.
During the course of the trial, the electronic diary was completed on 73% of the days in the high-dose group and on 72% of the days in the low-dose group. Adherence to the daily therapy with inhaled glucocorticoids was reported on 98% of the days that the electronic diary was completed in each treatment group.
Figure 1 (facing page). Trial Design and Enrollment.
Panel A shows the trial design. All the children were treated for 48 weeks with maintenance low-dose inhaled glucocorticoids (fluticasone propionate at a dose of 44 μg per inhalation, two inhalations twice daily) and were randomly assigned either to continue the same dose (low-dose group) or to use a quintupled dose (high-dose group; fluticasone at a dose of 220 μg per inhalation, with two inhalations twice daily) for 7 days at the early signs of loss of asthma control ("yellow zone"). Panel B shows the number of participants who enrolled in the trial, underwent randomization, and completed the trial. Scores on the childhood Asthma Control Test (C-ACT) range from 0 to 27, with higher scores indicating greater control (minimally important difference, 2.0) 11 ; among potential participants with a C-ACT score, a score of more than 19 was required for inclusion in the trial. FEV 1 denotes forced expiratory volume in 1 second.
Quintupling Inhaled Glucocorticoids for Childhood Asthma
A total of 395 yellow-zone episodes, including 192 episodes among 80 patients in the high-dose group and 203 episodes among 88 patients in the low-dose group, occurred during the trial, according to yellow-zone alerts on the electronic diary. The rate of yellow-zone episodes was similar in the high-dose group and the low-dose group (2.01 episodes per year and 1.96 episodes per year, respectively; P = 0.90) ( Fig. 2A) 
Primary Outcome
A total of 38 participants in the high-dose group and 30 in the low-dose group had at least one severe asthma exacerbation that was treated with systemic glucocorticoids. The rate did not differ significantly between the two groups. The rate among participants who had been randomly assigned to the high-dose group was 0.48 exacerbations (95% confidence interval [CI], 0.33 to 0.70) per year, and the rate among those who had been randomly assigned to the low-dose group was 0.37 exacerbations (95% CI, 0.25 to 0.55) per year (relative rate, 1.3; 95% CI, 0.8 to 2.1; P = 0.30) ( Table 2) .
Secondary Outcomes
The time to the first severe asthma exacerbation treated with systemic glucocorticoids did not differ significantly between the high-dose group and the low-dose group (P = 0.20) (Fig. 2B) . The rate of emergency department or urgent care visits for asthma, as assessed by the electronic diary, did not differ significantly between the high-dose group and the low-dose group (relative rate, 1.3; 95% CI, 0.8 to 2.4; P = 0.30) ( * Plus-minus values are means ±SD. All the children were treated for 48 weeks with maintenance low-dose inhaled glucocorticoids (fluticasone propionate at a dose of 44 μg per inhalation, two inhalations twice daily) and were randomly assigned either to continue the same dose (low-dose group) or to use a quintupled dose (high-dose group; fluticasone at a dose of 220 μg per inhalation, with two inhalations twice daily) for 7 days at the early signs of loss of asthma control. There were no significant between-group differences at baseline. Percentages may not total 100 because of rounding. † The body-mass index (BMI) is the weight in kilograms divided by the square of the height in meters. The BMI percentile was assessed as the value expected for age. ‡ Race and ethnic group were reported by the participants or their parents or guardians. § Tobacco smoke exposure refers to the current or past use of tobacco by a parent or family member in the home. ¶ Controller therapy was categorized according to the National Asthma Education and Prevention Program Expert Panel Report 3. Steps range from 1 to 6, with step 6 therapy being used in patients with the most severe disease.
Step 2 indicates therapy for mild persistent asthma, and step 3 therapy for moderate persistent asthma. (Fig. 2C ). There were four hospitalizations due to asthma during the trial, all of which occurred in the high-dose group; however, the betweengroup difference was not significant (P = 0.12) ( Table 2) .
We also assessed symptoms and albuterol use during yellow-zone episodes. There was no significant difference between the high-dose group and the low-dose group in the total symptom burden during yellow-zone episodes, as assessed according to the area under the curve for symptom scores (P = 0.30) (Fig. 3A) . Albuterol use during yellow-zone episodes did not differ significantly between the high-dose group and the low-dose group (P = 0.30) (Fig. 3B) .
Safety
Children in the high-dose group had 14% greater exposure to inhaled glucocorticoids than those in the low-dose group, and they also had 16% greater total exposure to glucocorticoids than those in the low-dose group during the trial ( Table 2 ). The growth rate among children who had been randomly assigned to the high-dose group (5.43 cm per year) was 0.23 cm per year less than the rate among children who had been randomly assigned to the low-dose group (5.65 cm per year) (P = 0.06) ( Table 2 ). There was a doseresponse relationship in children younger than 8 years of age in the high-dose group (0.12 cm per year lower growth per yellow-zone episode, P = 0.02 for the comparison with the low-dose group) ( Table 2 , and Fig. S1 in the Supplementary Appendix) but not in children 8 to 11 years of age. There were no significant between-group differences in the adverse events reported by the participants. There were no deaths among the trial participants.
Exploratory Outcomes
With regard to symptom assessments, the mean percentage of days of asthma control over the entire follow-up period was 95% in the highdose group and 96% in the low-dose group, a finding that was consistent with good overall day-to-day symptom control in each treatment group. We also examined the percentage of days of asthma control during yellow-zone episodes only, which did not differ significantly between the high-dose group and the low-dose group (72% and 74%, respectively; P = 0.90) (Fig. S2A in the Supplementary Appendix).
Peak expiratory flows were obtained daily during the course of the trial and revealed significant day-to-day variability that was not strongly associated with symptoms or albuterol use * The primary outcome was the rate of severe asthma exacerbations (number of events per year) treated with systemic glucocorticoids during the blinded treatment period. † The treatment effect is a relative rate for the primary outcome of the number of exacerbations per year and for the secondary outcomes of the number of emergency department or urgent care visits per year. The treatment effect is a relative difference for the secondary outcomes related to hydrocortisone exposure equivalents. The treatment effect is an absolute difference (measured in centimeters per year) for the secondary outcomes regarding growth. ‡ A total of 126 participants were 5 to 7 years of age, and 128 were 8 to 11 years of age. Quintupling Inhaled Glucocorticoids for Childhood Asthma (correlations, <0.1). There were no significant differences in peak expiratory flows between the high-dose group and the low-dose group during yellow-zone episodes (Fig. S2B in the Supplementary Appendix).
Outcomes in Treated Yellow-Zone Episodes
Because not all the children who underwent randomization had at least one yellow-zone episode during the trial (63% of the participants in the high-dose group and 69% of those in the lowdose group had at least one episode), we examined whether there were differences in outcomes among children who used blinded yellow-zone therapy. A total of 32% (37 of 114) of the treated yellow-zone episodes in the high-dose group led to an exacerbation that was treated with glucocorticoids, whereas 19% (25 of 134) of the treated yellow-zone episodes in the low-dose group led to an exacerbation that was treated with glucocorticoids. There were no significant between-group differences in symptom scores, albuterol use (mean number of puffs), the percentage of days of asthma control, and peak expiratory flows during episodes in which use of the blinded yellow-zone inhaler was initiated ( Fig. S3A through S3D in the Supplementary Appendix).
Discussion
In this trial, we found that in children 5 to 11 years of age with asthma who were treated with daily therapy with low-dose inhaled glucocorticoids, increasing the dose of inhaled glucocorticoids by a factor of 5 for 7 days at the early signs of loss of asthma control (yellow zone) did not reduce the rate of severe asthma exacerbations leading to treatment with systemic glucocorticoids. Furthermore, this treatment strategy did not prolong the time to the first asthma exacerbation, reduce symptom scores or albuterol use, or reduce the rate of treatment failure. Finally, this strategy resulted in a greater total exposure to glucocorticoids and a lower linear growth rate. Early observational studies examining the potential benefit of increasing doses of inhaled glucocorticoids in the yellow zone were promising, [15] [16] [17] but subsequent randomized trials examining increased doses of inhaled glucocorticoids in these contexts have been disappointing. 9, 10, 18 One potential explanation for this apparent discrepancy is that, even without intervention beyond the use of a short-acting beta-agonist, a substantial proportion of yellow-zone episodes do not progress to severe exacerbations that lead to the use of systemic glucocorticoids. 19 In our trial, 81% of the treated yellow-zone episodes in the low-dose group did not lead to treatment with systemic glucocorticoids. This degree of "success" in clinical practice probably underlies the perceived benefit, by clinicians and families, of increased doses of inhaled glucocorticoids.
Blinded peak expiratory flows were included as an exploratory variable in this trial to help determine whether these data provide useful information, as compared with a symptombased asthma action plan. A minimal signal was observed during yellow-zone episodes beyond the day-to-day variability in the measurements observed throughout the trial. We also observed a variation in kinetics (<24 hours to several days) from early yellow-zone symptoms to the initiation of systemic glucocorticoids for asthma exacerbations. This finding highlights the considerable unmet need for individualized indicators of impending exacerbations that will allow for the earlier and more specific use of treatment strategies aimed at exacerbation prevention.
The association with slower growth in height that was observed in children who had been randomly assigned to the high-dose group was unexpected. Although the overall difference was relatively small, this finding was observed in children who, on average, had just greater than two treated yellow-zone episodes per year. The dose-response relationship that was observed in younger children (<8 years of age) (Fig. S1 in the Supplementary Appendix) arouses the concern that more frequent or prolonged use of this strategy, if the use of inhaled glucocorticoids was its cause, could lead to greater adverse effects.
A limitation of our trial is that we observed fewer yellow-zone episodes and 40% fewer exacerbations treated with systemic glucocorticoids than were anticipated, for unclear reasons. Although all the participants had a history of at least one exacerbation in the previous year, the requirement for adequate asthma control during the run-in period, with a C-ACT score of more than 19 at randomization along with good ad-T h e ne w e ngl a nd jou r na l o f m e dicine herence to daily inhaled glucocorticoids, may have contributed to the lower-than-expected rate of exacerbations. This lower exacerbation rate reduced the power of the trial to detect a difference between the treatment groups. However, the 95% confidence interval for the primary outcome (0.8 to 2.1 exacerbations per year) allows for an effect ranging from a 20% lower rate to just more than a doubling of the risk of exacerbations with the quintupled-dose treatment than with the low-dose therapy. Given that more exacerbations occurred in the high-dose group, we speculate that it is unlikely that a clinically significant beneficial effect of treatment with a quintupled dose would have been observed in this trial even if we had enrolled more participants.
It is important to recognize that our findings are specific to school-age children with mild-tomoderate persistent asthma regularly treated with daily low-dose inhaled glucocorticoids (with good adherence). There is evidence that the intermittent use of high-dose inhaled glucocorticoids during yellow-zone episodes is an effective strategy to prevent exacerbations in preschool children and in adults with mild asthma that is not treated with daily inhaled glucocorticoids. [19] [20] [21] Our findings are consistent with those of other groups that examined smaller dose increases at early signs of loss of asthma control in children regularly treated with inhaled glucocorticoids and that found no added benefit as compared with the standard daily dose. 22, 23 Only one randomized trial involving children has shown potential benefits of increasing doses of inhaled glucocorticoids during yellow-zone episodes with the use of budesonide-formoterol as a single inhaler for both maintenance therapy and reliever therapy. 24 Whether this difference in efficacy is related to greater disease severity, synergistic effects of inhaled glucocorticoids and long-acting beta-agonists, or other factors is not clear.
In conclusion, in children with mild-to-moderate persistent asthma treated with daily inhaled glucocorticoids, quintupling the dose of inhaled glucocorticoids at the early signs of loss of asthma control did not result in a lower rate of exacerbations than continuation of the daily maintenance dose, did not improve other asthma outcomes, and may be associated with diminished linear growth.
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